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Abstract: Sensor systems to measure pressure at the stump–socket interface of transfemoral amputees
are receiving increasing attention as they allow monitoring to evaluate patient comfort and socket fit.
However, transfemoral amputees have many unique characteristics, and it is unclear whether existing
research on sensor systems take these sufficiently into account or if it is conducted in ways likely to
lead to substantial breakthroughs. This investigation addresses these concerns through a scoping
review to profile research regarding sensors in transfemoral sockets with the aim of advancing and
improving prosthetic socket design, comfort and fit for transfemoral amputees. Publications found
from searching four scientific databases were screened, and 17 papers were found relating to the aim
of this review. After quality assessment, 12 articles were finally selected for analysis. Three main
contributions are provided: a de facto methodology for experimental studies on the implications of
intra-socket pressure sensor use for transfemoral amputees; the suggestion that associated sensor
design breakthroughs would be more likely if pressure sensors were developed in close combination
with other types of sensors and in closer cooperation with those in possession of an in-depth domain
knowledge in prosthetics; and that this research would be facilitated by increased interdisciplinary
cooperation and open research data generation.
Keywords: transfemoral socket; pressure sensor system; prosthetic socket comfort; gait monitoring;
lower limb prosthetics
1. Introduction
Even if emphasis is placed on preserving limb length [1], transfemoral amputations
make up a substantial part of all amputations. Unfortunately, rehabilitation is especially
difficult for transfemoral amputees, and research indicates that a high amputation level is
associated with both prosthetic non-use and a decreased probability of remaining ambula-
tory [2,3]. Socket fit has been cited as one of the main factors affecting gait re-education,
rehabilitation, and quality of life for amputees from the viewpoint of both amputees and
clinicians [4–9]. Poor socket fit is the cause of at least one gait deviation, in people with
lower limb amputation, which could be linked to premature long-term musculoskeletal de-
generations [6,10,11]. The importance of a well-fitting socket is highlighted by the fact that
several patient evaluation questionnaires, which aim to measure the success of prosthetic
devices, specifically refer to socket fit and comfort [12,13].
To solve this problem, sockets—which couple the residual limb and prosthesis—must
provide sufficient support and stability during activities of daily living. This is complex
as it largely depends on the inter-related performance of socket design, liner properties,
suspension mechanisms, and prosthetic alignment [14]. Large research efforts have thus
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been dedicated to prosthetic socket design [15], and there are many different design
philosophies for prosthetic sockets [16]. There are two main socket types: total surface
bearing (TSB), which aims to distribute the load evenly across the residual limb; and
specific surface bearing (SSB) regions, which attempt to apply load through tolerant areas
and hence off-load more sensitive regions [16–19]. For transfemoral amputees, these
are most commonly ischial containment (IC) or sub-ischial–ramal containment sockets
and quadrilateral (QUAD) sockets, respectively. IC sockets are considered to provide
gait stability during single-limb support, which is partially achieved through TSB and
by encasing the ischial tuberosity and ramus within the socket. In QUAD sockets, the
ischium is outside of the socket, and weight is bored through the ischium on the socket
brim, often resulting in gait instability [15,18]. Localized pressures from the socket are
often causes of rejection by the patient; for example, on the medial ramus of IC sockets
and on the perineum of QUAD sockets [18]. For comparison, in transtibial amputees, the
patellar-tendon bearing (PTB) is a commonly prescribed type of TSB socket. This relies on
the localized loading of the patellar ligament to off-load more sensitive regions, such as the
fibula head and tibial crest [16,17,19,20].
The inability of a socket to perform as expected can be highlighted through changes in
pressure distributions at the interface between the residual limb and socket—caused by nor-
mal daily residual limb volume fluctuations, soft tissue adaptation during post-operative
recovery, and edema, for example [14,21]. The effect of such residual limb volume changes
on socket fit is known to result in pain, skin disease, and gait instability [10,11]. Whereby
it has been reported that transfemoral residual limbs may exhibit larger volume fluctua-
tions compared to transtibial residual limbs [21]. Traditionally, and still predominantly,
prosthetists utilize their experience and expertise to optimize socket design based on each
individual patient’s characteristics, such as residual limb features and activity level [15].
The current state-of-the-art employs the use of additional sock plies to accommodate for
both daily volume changes and post-operative residual limb changes [14]. Socks are worn
over the residual limb when the socket is too loose or removed when the socket is too
tight. However, this only uniformly alters the volume and is inconvenient and not always
adhered to by prosthetics users [11,14,22–24].
To address this issue, adjustable sockets have been developed in the field with both
smart and manually controlled systems [9,14,22,25–27]. Pressure—whether qualitative
or quantitative—is often the prescribed scale against which adjustable socket volumes
are altered. For example, one of the aims of adjustable sockets is to reduce pressures
and shear stresses at the stump–socket interface. In line with traditional socket design
theory, the adjustable socket adapts to equally distribute pressure across the residual
limb, or relieves pressure from sensitive regions by exerting more pressure through more
tolerant regions [14,23,27–29]. Furthermore, continuous socket volume adjustments have
been shown to promote residual limb volume management [9]. More generally, continuous
monitoring, such as pressure and temperature at the stump–socket interface, can provide
immediate feedback on socket fit [4], which would enable more informed and timely
intervention prescriptions by clinicians [30,31]. Thus, there has been growing interest in the
development of such monitoring and sensing technologies to complement current clinical
practice approaches to help overcome challenges in prosthetic use [31,32]. Indeed, pressure
measurement and the mapping of lower-limb prosthetic sockets has already improved the
understanding of prosthetic fit at a very fundamental level and has helped to facilitate
objectively based socket designs [15,33]. During the last 50 years, a variety of measurement
techniques have been employed in an effort to identify sites of excessive stresses [32,34,35].
The objectives of this experimental research into the measurement of socket stresses were
to improve the level of understanding of the stump–socket interface [36], to evaluate the
influence of prosthetic design parameters and alignment variations on the interface stress
distribution, and to evaluate the quality of prosthetic fit [37,38]. Transfemoral amputees
specifically, may thus benefit from the introduction of sensors to measure stress changes in
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both normal and tangential directions at the residuum–socket interface, both of which may
be damaging to the soft tissues of the residuum [39].
Arguably, the evolution of pressure sensor systems for this purpose has been limited
by the technical difficulties in addressing the demanding requirements of the day-to-day
monitoring of the comfort and fit of prosthetic sockets. Walking in a laboratory and walking
in “real life” is often not the same [40], and clinical tools will always be a niche market in
comparison to technology used in consumer goods. However, these technical challenges
are being overcome due to the emergence of wearable, cheap, and technically sophisticated
sensing technology for health monitoring [41–43]. Breakthroughs, tested in the smart health
domain, have occurred in wireless technology for data-intensive applications [44], power
harvesting [45], security [46], analytics [47], rapid prototyping and manufacturing [48], and
materials [49]. The likelihood that easily deployed, cheap, and reliable pressure sensors
systems for clinical use will emerge has thus drastically increased during the last few years,
even if several challenges remain.
One of the main challenges in the development of new and improved prosthetic
technologies is the lack of practical inner socket sensors for monitoring the environment
between the skin and the liner or socket [37], or the region between the residual limb
and the socket [50]. Selecting suitable transducers is also challenging and relies on the
specific experimental and clinical environment [30,37,51]. In general, four main types of
sensors are used for pressure measurements in the socket: strain gauges and piezoresistive,
capacitive, and optical sensors [32]. A review of research on interfacial stress measure-
ments at the stump–socket interface of transtibial amputees found many merits in sensor
development over the past 50 years; for instance, high sensitivity, reproducibility, higher
spatial resolution, lightweight, ease of use, availability in various shapes and sizes, and
the capability of conforming to irregular shapes. However, while some of these sensors
provide valuable information, they are disadvantageous due to their bulkiness, weight,
inflexibility, cost, and laborious integration methods with the socket [38,50]. In lower
limb prostheses, measurements and mapping pressures to amputees’ anatomy are also
commonly performed using commercially available, semi-flexible pressure monitoring
systems such as the F-Socket (Tekscan, Inc., South Boston, MA, USA) [34,36,52–54] or
Pliance® system (Novel® GMBH, Munich, Germany) [55,56]. While these systems do not
require socket modification, they are still spatially limited [4], cannot be readily integrated
into existing prosthetic components [50], and are not sensitive to shear stresses [39]. To be
able to overcome some of the shortcomings associated with currently available pressure
monitoring systems, textile-based sensors have also been studied due to their compliance
and breathability, and relatively simple fabrication methods [50]. Moreover, to be able to
eliminate the dependency on bulky, rigid components inside the socket, and also to be
able to support continuous, long-range wireless communication to standard consumer
electronics, conformable sensors have also been investigated [4].
Furthermore, this particular application of pressure sensors is a highly specialized en-
deavor, and transfemoral amputees are a specific cohort with many unique characteristics
compared with those with other levels of amputation. Many of the previously mentioned
research developments for lower limb prosthetics were solely tested with transtibial am-
putees [4,10,11,23,50]. Several review articles on lower limb socket technology do not
explicitly discriminate their findings against transfemoral or transtibial prostheses, but all
instances cited more articles whose titles referred to the terms transtibial or below-knee
compared with the terms transfemoral or above-knee, with a roughly 2.4 times higher
prevalence on average [9,15,32,36,57]. This is further emphasized by another review article
that analyzed interface stress measurements in transtibial sockets only [38], but similar anal-
yses have not been published for transfemoral amputees; thus, the data for transfemoral
amputees are very limited [15]. It is thus unclear whether existing findings regarding the
use of pressure sensors to improve comfort and fit are applicable, or whether associated
studies are conducted in ways that are likely to lead to substantial breakthroughs. This is
an especially pressing concern for studies with an experimental design, as these should
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reconcile multiple research and industry disciplines to arrive at valid results. This is further
aggravated by the lack of research that is clinically powerful—for transfemoral prosthetic
socket comfort and fitness—due to the low methodological quality of the study design in
numerous biomechanical and patient-centric studies [9].
To investigate whether the use of pressure sensors in prostheses is relevant for trans-
femoral amputees and whether there is any possibility to help guide methodological
choices in future studies, we surveyed the existing literature in a scoping review. The
review was reported following the relevant extension to the PRISMA guidelines [58,59].
The focus was to map the existing research on the use of pressure sensors to support trans-
femoral amputees and identify knowledge gaps as well as the strengths and weaknesses in
the associated study designs. In this study, we therefore aimed to address the following
research questions:
1. Is there a de facto methodology for experimental studies of the implications of intra-
socket pressure sensors used by transfemoral amputees?
2. How should sensors be designed for application in prosthetic sockets to monitor
transfemoral amputees for evaluating comfort and fit?
Answering these questions should facilitate the emergence of sensing, monitoring,
and actuator technologies, specifically for the application of lower limb prosthetics, with
the potential to significantly improve socket design and provide effective residual limb
health monitoring.
2. Methodology
We conducted a comprehensive scoping literature review of all information related
to pressure measurements in the prosthetic sockets of transfemoral amputees, following
the reporting guideline by Tricco et al. [59]. Further guidance from earlier work [60] on
conducting scoping reviews was also adhered to throughout the assessment, ensuring that
the investigation was thorough and transparent. We note that, as highlighted by previous
literature reviews [61,62], scoping reviews differ from systematic reviews in that they aim
to answer broader types of research questions [58].
2.1. Information Sources, Search Strategy and Eligibility Criteria
The four databases Science Direct, Web of Science, PubMed, and Scopus were searched.
This choice of information sources was made to cover a wide, high-quality range of journals
and disciplines, while at the same time making sure to cover relevant subject areas such
as biomedicine and engineering. The combinations of keywords used for the literature
search are summarized in Table 1. The search was first completed in March 2019 and then
repeated in June 2020 to include newly published articles.
Publication dates and journals were not used to exclude research papers, as the
research questions were broad. Search criteria #2 and #6 yielded a vast number of results
from Science Direct and Web of Science due to the ambiguity of the keywords. The
associated results were therefore excluded entirely. Due to the other combinations of
keywords, the authors believe this has only added a small risk that relevant publications
have been unintentionally excluded. Grey literature was also excluded. The overall
structure and most important details of the protocol carried out during the study are
visualized in Figure 1.
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Table 1. Keywords searched.
# Keywords Databases Searched
1 transfemoral AND socket AND pressure Science Direct, Web of Science, PubMed, Scopus
2 socket AND pressure PubMed, Scopus
3 transfemoral AND stump AND pressure Science Direct, Web of Science, PubMed, Scopus
4 “above knee” AND socket AND pressure Science Direct, Web of Science, PubMed, Scopus
5 “above knee” AND stump AND pressure Science Direct, Web of Science, PubMed, Scopus
6 prosthetic AND socket AND pressure PubMed, Scopus
7 “prosthetic socket” AND pressure Science Direct, Web of Science, PubMed, Scopus
8 transfemoral AND “residual limb” AND pressure Science Direct, Web of Science, PubMed, Scopus
9 “above knee” AND residuum AND pressure Science Direct, Web of Science, PubMed, Scopus
1446 articles found
Science Direct (810) Web of Science (186) PubMed (373) Scopus (77)
604 duplicates removed
(505) (83) (188) (66)
842 articles found
84 articles remain
14 articles exported for
review
17 final articles fully
assessed according to a
QAT
-1 article detailed only preliminary
theoretical results
758 titles/abstracts referred to transtibial
or foot amputees; osseointegrated or hip
prostheses; simulation or FEA
70 articles did not pass full text
screenings (i.e., lacked experimental
results)
ADDITIONAL ARTICLES EXCLUDED ARTICLES
+4 additional articles included from
references
Figure 1. Flow diagram outlining study.
2.2. Selection and Critical Appraisal of Sources of Evidence
The identified literature from all four databases was collated. After duplicates were
removed, 842 papers were identified for consideration. Two further screening processes
were conducted. Firstly, the titles and abstracts that referred to transtibial or foot am-
putees, osseointegrated or hip prostheses, simulations, or finite-element analysis (FEA)
were excluded. This was done to remove publications that did not address transfemoral
amputees, who are the main cohort focus of this review. To avoid misunderstandings
during the analysis, papers in languages other than English were also excluded. At this
point, 84 articles remained. At the next selection level, 70 articles were eliminated based
on a full-text screening to identify and discard papers that did not present experimental
results. To identify whether a de facto methodology existed, only experimental procedures
were of interest in this review. Within these 70 articles, some articles that should have been
eliminated during the first screening process (i.e., that did not relate directly to transfemoral
amputees) were missed and were therefore removed during the full-text screening. Papers
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that were unavailable as full texts were also eliminated. To further ensure that no relevant
sources were missed, relevant publications that were referenced in the remaining papers
were appended at this stage. This resulted in 17 papers eligible for further consideration.
The remaining papers were subjected to a critical appraisal based on a suitable quality
checklist defined in a Cochrane Review guideline [63]. All three reviewers took part in
the appraisal. This quality checklist was originally developed to evaluate randomized
controlled trials. As the identified papers were mostly single-subject designs, the quality
checklist was tailored for improved relevance. This modification was based on a discussion
of each quality criterion by the three reviewers prior to the assessment. This ensured that the
quality appraisal was calibrated and any differences in interpretation between the reviewers
were minimized. The modified quality checklist is presented as a Quality Assessment
Table (QAT), described in Table 2. It comprises 10 criteria, which are categorized into four
groups: hypothesis, patient selection, intervention and assessment, and statistical validity.
For each paper, each criterion was scored “1” if it was sufficiently fulfilled, “0” if it was
insufficiently fulfilled, or “N/A” if the criterion was deemed irrelevant. The table also
included an option to document the part of the paper in which the criterion was fulfilled
and a section where comments or queries could be noted.
Each reviewer independently assessed each paper so that they would not be influenced
by the evaluations of the other reviewers. The completed QATs were then compiled and the
results were compared. Contradicting results between the three reviewers were highlighted
and discussed in depth, and scores were adjusted to reach an agreement between the reviewers.
Table 2. Quality Assessment Table (QAT).
Category Title Description
Hypothesis Definition of investigation Identifies if the hypothesis/aim/objective of the study is
clearly defined
Patient Selection Adequacy of description of inclu-
sion and exclusion criteria
Tests sufficiency of patient sample definition *
Functional homogeneity Tests homogeneity of patient sample **
Intervention
and Assessment
Experimental intervention Tests sufficient information on experimental interven-
tion description †
Cointerventions Tests whether cointerventions were avoided or were compared and
accounted for ††
Timing of measurements Identifies whether patients were given enough time to adapt to
the prosthesis
Outcome measures Identifies if the outcome parameters have been clearly defined ‡
Statistical Validity Dropouts Identifies sufficient reporting on number of dropouts and reasons
for dropouts
Intention to treat Identifies sufficient assessment on intention to treat analysis in the
case of dropouts
Data presentation Tests presentation of primary outcome measures ‡‡
* Participant characteristics are sufficiently detailed for future replication; minimum of three out of patient evaluation, residual limb
evaluation, and anthropometric measurement criteria (e.g., age, weight, gender, level of amputation, socket type, activity level, time
since amputation, residual limb condition) ** Homogeneous patient sample (e.g., at least the level of amputation and activity level of
included subjects should be reasonably equal) † Sufficient explanation of a minimum of three experimental intervention criteria (e.g., sensor
type, number of sensors, sensor placement, socket type, gait kinematics and kinetics, walking conditions) †† For single-subject studies,
experimental intervention must be clearly defined and steps taken to ensure the experiment represents their normal prosthesis/gait as
closely as possible, or well-explained otherwise. For multi-subject studies, the results of differing experimental interventions must be
discussed; e.g., if subjects are wearing different socket types, the effects of this must be discussed. This may include patient characteristics,
such as gait type, age, stump condition, etc. ‡ Identifies whether the outcome measures have been collected using a standardized protocol
(at least one from pressure vs. gait cycle or pressure vs. physical distribution) ‡‡ Statistical validity for adequate point estimation and
measures of variability (e.g., statistical analysis and/or explicit numerical data range stated)
The grading system presented in Table 3 was introduced to control for intervention
and measurement bias. It was designed to highlight the papers that answered the research
questions of this scoping review, as well as to eliminate articles that lacked sufficient
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quality. For example, in order to achieve an A or B grade, a paper needed to fulfill
point X because it is well-established that a good quality research paper should clearly
identify the aim of the study. To help answer the research questions of this review, it was
important to be able to draw cross-study comparisons; thus, a sufficient description of the
experimental intervention was required. This was enforced by the fulfillment requirement
of all points in group A as well as B5 and B9 to obtain an A grade, while only A1 and B9
were required for a B grade. The outcome of the grading system allowed papers graded A
to be considered without any concerns, while papers graded C and D were excluded due to
the low quality in regard to the purpose of this review. Papers graded B were included for
further consideration, but the analysis of these papers included only the criteria that were
evaluated to be sufficient. Overall, this process ensured that weakly supported statements
were not included in the analysis.
Table 3. Grading system.
Grade Criteria
A Minimum 8 points in total AND fulfills category X, category A, B5, and B9
B Minimum 7 points in total AND fulfills category X, A1, and B9, OR minimum 9
points in total
C Minimum 5 points in total
D Less than 5 points in total
2.3. Data Extraction and Synthesis Methodology
As a result, 12 research papers were graded A or B. These are shown in Table 4 and
were subject to content analysis. A summary of the articles that did not pass the quality
assessment is presented in Table A1 in Appendix A.
Table 4. Papers selected for data synthesis and their grades.
Author, Year Publication Title Grade
Lee et al., 1997 [64] Stump–socket interface pressure as an aid to socket design in prostheses for trans-
femoral amputees—A preliminary study
A
Neumann et al., 2005 [65] Concepts of Pressure in an Ischial Containment Socket: Measurement A
Appoldt et al., 1967 [66] A preliminary report on dynamic socket pressures B
Appoldt et al., 1968 [67] Stump–socket pressure in lower extremity prostheses B
El-Sayed et al., 2014 [68] Piezoelectric bimorphs’ characteristics as in-socket sensors for transfemoral amputees B
Ferreira et al., 2017 [69] Piezoresistive Polymer-Based Materials for Real-Time Assessment of the
Stump/Socket Interface Pressure in Lower Limb Amputees
B
Hong et al., 2006 [70] Effect of hip moment on socket interface pressure during stance phase gait of trans-
femoral amputee
B
Kahle et al., 2013 [71] Transfemoral interfaces with vacuum assisted suspension comparison of gait, bal-
ance, and subjective analysis: Ischial containment versus brimless
B
Laszczak et al., 2016 [39] A pressure and shear sensor system for stress measurement at lower limb
residuum/socket interface.
B
Leavitt et al., 1972 [72] Gait analysis and tissue–socket interface pressures in above-knee amputees B
Naeff et al., 1980 [73] Dynamic pressure measurements at the interface between residual limb and
socket—the relationship between pressure distribution, comfort, and brim shape
B
Tang et al., 2017 [74] A combined kinematic and kinetic analysis at the residuum/socket interface of a
knee-disarticulation amputee
B
As the differences between the papers were complex, the analysis and synthesis
to answer the research questions required a fine-grained content analysis rather than a
summary of high-level characteristics of the studies. Therefore, data extraction took place
in three steps. Firstly, each paper was coded by one of the reviewers; i.e., text sections,
mostly separate sentences and paragraphs, were analyzed and labeled with a word or short
phrase (a code). To avoid reviewer bias, this was not the reviewer who carried out the initial
search and screening process. Coding was first descriptive [75]. In descriptive coding, each
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code aims to capture the topic of the text section; i.e., what is talked or written about. The
purpose of the coding was thus to inductively capture specific attributes or characteristics
of the study; for example, “test subject profile given” and “sensors calibrated” are two separate
codes used in this study [75]. Each code was entered into a codebook together with a short
explanation and a note regarding in which papers it appeared. Secondly, the codebook
was reviewed and codes appended by the other two reviewers to ensure completeness.
This resulted in approximately 100 descriptive codes. In this way, each new instance of a
code could be checked against previous instances in other papers as well as establishing its
meaning in the codebook. This ensured that the coding was consistent and stayed close
to the intention of the surveyed papers. Thirdly, the coding then focused on identifying
patterns with regards to the aim of the study [76]. In this investigation, patterns were based
on groups of codes with a related meaning. For example, codes illustrating the technical
characteristics of the sensors and codes describing patient characteristics are two separate
patterns. Patterns were then combined into separate themes.
Finally, these themes were discussed by the reviewers. This discussion served to
ensure that the identified themes remained true to the content of the surveyed papers and
were not the subjective interpretation of a single researcher.
3. Results and Analysis
Several themes were established upon completion of the literature search, critical
appraisal, and data extraction and synthesis process. Five of these themes were found to
have a bearing on the research questions this paper sought to address. They are as follows:
the importance of biomechanical hypotheses, diversity of domain-dependent knowledge,
assessment of sensor type and use, sensor placement, and data handling and presentation.
To ease the discussion, the themes are separated into and presented as belonging to two
different categories in this section—research landscape and study attributes.
3.1. Research Landscape
Themes in this section refer to the foundations for the scientific research and relate to
the decision process behind study design.
3.1.1. Importance of Biomechanical Hypotheses
Most papers had an inductive approach, eschewing hypotheses in favor of a priori
data analysis. Some studies had an explicitly stated purpose that was more aligned with
pure engineering than scientific inquiry [69]. Even if this led to interesting results in the
papers graded A or B, the strengths of a deductive approach in this context were clearly
demonstrated by a minority of the papers.
Only one code related to this pattern (Table 5).
Table 5. The importance of biomechanical hypotheses.
Code Papers
The importance of biomechanical hypotheses [64,65,71,73]
3.1.2. Diversity of Domain-Dependent Knowledge
Although the papers were written by experts from vastly different domains, such as en-
gineering and health sciences, there were few substantial references to domain knowledge.
This is problematic, as it is difficult to know whether the studies addressed the most impor-
tant topics with a realistic approach. Some important observations were only mentioned
by a single study: that the stress can be considerable when donning a prosthesis [67], that
comfort is a complicated construct and not simply associated only with high pressure [73],
and that there are various different mechanical challenges (i.e., bending, torsion, elonga-
tion) to specific types of polymer-based sensors placed in prostheses [69]. Furthermore, the
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hypothesis that shear might be as important, or more important, than orthogonal pressure
was noted by only three studies.
Similarly, a majority of papers gave comprehensive descriptions and detailed sum-
maries on patient specific characteristics (e.g., age, weight, general stump condition, and
activity level, etc.). Despite the mentioning of these qualities in the methodology sec-
tions, only a few papers discussed or addressed their impact on the heterogeneity of the
outcome results.
In many papers, subject-specific profiles were further detailed with definitions of, for
instance, prosthetic type, socket type, and self-selected walking speed. Some studies used
duplicates of the patients’ own sockets, allowing test subjects to accustom themselves to
the trial sockets before measurements began, mentioning this as a warm-up procedure.
Only a few considered the importance of patients getting used to the socket (duplicate or
their own) for a sufficient period before the data collection started. Only three research
groups designed their studies with planned rests to avoid fatigue during data collection.
The codes relating to this pattern are summarized in Table 6.
Table 6. References to domain knowledge.
Code Papers
Wearing stress [67]
High pressure does not equal discomfort [73]
Challenges for sensors [69]
Shear of interest [39,72,74]
Test subject profile given [39,64,67,68,70]
Walking speed defined [39,64,65,68,70,71]
Prosthesis defined [39,64,65,67,70]
Accustomed to socket type [64,65,68,71]
Residual limb assessed [65,70]
Accustomed to socket under test [66,67]
Test subject warm-up [64,65,70,71]
Avoid fatigue [64,66,67]
3.2. Study Attributes
Themes presented here relate to specific components of the studies undertaken in the
publications. For example, they include technical descriptions of the sensors used in the
studies and the methods of presenting the data acquired.
3.2.1. Assessment of Sensor Type and Use
Approximately half of the reviewed papers assessed whether the sensor type em-
ployed was suited to the purpose of the study; for instance, with regards to sensitivity,
non-linearity [39,64,68], hysteresis [39,64,68], creep [64,65,69], error range [39,64–68], and
measurable range [39,66,68]. There were large differences in what was perceived as suit-
able, but examples included for instance <5% for non-linearity errors [39], <1% of the
full-scale operating range for hysteresis errors [39,68], and <1% for instrumentation er-
rors [64]. Regardless, these types of assessments were noted as vital when developing
new and specific types of sensors for pressure measurements [39,68]. Several of these
studies also took special care to assess whether the mechanical design and configuration of
the sensors were appropriate for this unique application—in-socket measurements. For
example, Lee et al., [64] and Appoldt et al., [66] presented the importance of the sensor
contact area. Sensor calibration and sensor dimensions were also highly emphasized
among the reviewed papers. However, only a few studies reported the known measurable
pressure ranges of the sensors they used in their tests. As an example, El-Sayed et al., [68],
mentioned a static force measurement range of 0–100 N for the studied system as this made
it superior to several other systems in this regard.
The codes relating to this pattern are summarized in Table 7.
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Table 7. Assessment of sensor type and use.
Code Papers
Assessment of sensor application [39,64–66]
Assessment of sensor type [39,64–69]
Known error range of sensors [39,64–68]
Known measurable range of sensors [39,66,68]
Sensors calibrated [39,64–68,71]
Sensor dimensions mentioned [39,64,65,68,71]
3.2.2. Sensor Placement
Most of the studies discussed the placement of sensors in detail, often from the
perspective of ensuring a systematic, repeatable placement with respect to the anatomy of
the residual limb. This was related to two major discussion topics: firstly, that the value
of pressure measurements depends on the location in the socket where they are recorded.
For example, pressure measurements at the brim were noted to be of interest in six papers,
reinforced by the fact that maximum recorded pressures were often found at the socket
brim. An additional reason for the prominence was likely due to the primary use of two
socket design types: brimless sockets and containment sockets. More importantly, the
emphasis on the specific regions was at times driven by certain troublesome areas, which
are indicative of clinically relevant sensitive regions on the residual limb [71]. Secondly, it
was shown that there are differences in pressure between the proximal and distal, anterior
and posterior, and medial and lateral areas of the residual limb throughout the gait cycle.
One study even noted that there is a difference in the forces in the anterior–posterior
direction when walking on level ground compared to an inclined surface [74].
To give an example of a systematic and repeatable method of sensor placement,
Lee et al., [64] identified a plane 50 mm proximal from the distal end of the socket and
another 25 mm distal from where the subject’s perineum would be positioned in the socket.
Sensors were then positioned at the level of these planes and halfway between them; on
the anterior, posterior, medial, and lateral mid-lines of the socket wall. A standardized
naming convention of the sensors was also defined in this study.
The method of attaching sensors to the socket is considered as a factor that must
be chosen carefully, as it can interfere with the original fit of the socket. However, this
was only highlighted by a few papers; only two papers informed the reader that sensor
integration was not a trivial task, especially to avoid co-interventions [66,69]. In addition, a
single paper specifically did not allow the subject to remove the socket during the test to
minimize the unintended re-positioning of sensors in the socket.
The codes relating to this pattern are summarized in Table 8.
Table 8. Sensor placement.
Code Papers
Systematic and repeatable sensor placement [64–67,69,73,74]
Systematic naming convention of sensors [64,67]
Sensor placement locations noted [39,64,65,67,68,71,72]
Brim especially important area [39,64,66,67,71–73]
Special areas of interest [64–67,71–73]
Proximal vs distal [39,64–68,72,73]
Anterior vs posterior [39,66–70,74]
Medial vs lateral [66,69,72]
Method of sensor attachment described [64,66,67]
Non-trivial integration of sensors [66,69]
Avoid socket doffing [64]
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3.2.3. Data Handling and Presentation
Many papers focused on repeated tests and average or mean pressure measurements.
Some of these papers also reported standard deviations, while even fewer referred to
variance of the measurements. It seems natural to present average or mean measurements
considering that most papers studied the ambulation of their test subjects, which repeats in
cycles. A few of the papers explicitly identified repeating pressure patterns during gait.
Some studies compared or justified their results with existing literature or prior knowledge.
As an example, some authors referred to the expected two-peak pressure profile during
walking, which is also reflected in ground reaction force profiles [39,74].
To elaborate, a few papers presented normalized pressure curves against the gait cycle,
while others used phases of gaits to generalize the measured outcomes. An interesting ob-
servation was that this approach means that exact measurements are not always necessary,
as much can be understood by considering the relative differences [65]. It was suggested
that this could decrease the problems associated with drift and delays; for instance, [65].
Despite this focus, fewer than half of the reviewed papers noted or discussed variation
to a substantial degree. Only a few studies made use of exact values in the form of the
identified maximum pressure values—both with respect to the anatomical location and/or
position in the gait cycle. Only two papers mentioned that pressure during static stances is
also valuable. This might suggest a simplistic approach to studying relative differences.
Further complicating this approach is the temporal aspect. On the one hand,
Appoldt et al., [66] performed repeated tests across multiple days, weeks, and months
to ensure validity, as while the actual measurement values could differ between tests, the
changes in measurements across the individual test could be shown to remain. On the other
hand, Appoldt et al., [66,67] also noted that such temporal changes on participants’ residual
limbs over weeks and months could mean that tests (e.g., for specific sensor locations)
running over more than a few days would eventually yield unusable results.
Only Neumann et al., [65] and Appoldt et al., [67] standardized subjective mea-
surements using a set scale. However, as the pressure and load transfer readings are
not necessarily homogeneous across patient cohort groups (i.e., subject specific results),
discussing subjective results can therefore be valuable. Furthermore, in some studies,
subjective and objective evaluation parameters are used together.
The codes relating to this patterns are summarized in Table 9.




Standard deviation mentioned [39,64–67,71]
Variation mentioned [39,64,66,71,74]
Repeated pressure patterns identified [39,64,65]
Validation against previous studies [64,65,68,71]
Two peak pressure profiles identified [39,64,68,73,74]
Pressure compared with gait phases [66,67,70]
Relative measurements emphasized [65,66]
Maximum pressure mentioned (Cf. gait cycle) [64–67,70,71,73]
Maximum pressure mentioned (Cf. anatomical location) [39,64,65,71,73]
Static stance pressure important [66,71]
Tested at time intervals (days/weeks/months) [66]
Comparison over long time undesirable (days/weeks/months) [66,67]
Subjective measurements standardized [65,67]
Subject-specific results presented [64,67]
Subjective and objective results discussed [64,65,67,71–73]
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4. Synthesis and Discussion
The aim of this review was to identify the current practices of sensors in transfemoral
sockets with the ultimate goal of advancing and improving prosthetic socket design,
comfort, and fit for transfemoral amputees. To achieve this, two research questions came
to light:
1. Is there a de facto methodology for experimental studies of the implications of intra-
socket pressure sensors used by transfemoral amputees?
2. How should sensors be designed for application in prosthetic sockets to monitor
transfemoral amputees towards evaluating comfort and fit?
In this section, the first question is addressed by discussing the descriptive codes in a
more direct manner. Meanwhile, a holistic approach is taken with regards to the second
question as it involves several different knowledge domains. Finally, the outcomes from
these two research questions are concluded with considerations for future research.
4.1. De Facto Methodology
From the coding analysis of the literature, a few common methods were found that
indicated a de facto methodology.
The importance of sensor selection was inferred by the numerous codes found relating
to sensor characteristics for this application—lower-limb prosthetic sockets. A significantly
large range of recorded maximum socket–residual limb interface pressures were cited across
the literature. This indicates the importance of sensor calibration prior to experimental
procedures, which is supported by the fact that seven of the reviewed papers reported on
the calibration methods and measurable range of the sensors [39,64–68,71]. Care should
therefore be taken to select sensors with suitable capabilities and to appropriately calibrate
the sensors to enable accurate recordings over the aforementioned large pressure ranges.
For comparative pressure measurements, it may be necessary for the sensors to also be
sensitive to low pressures. Sensor sensitivity and a suitable error measurement range
should therefore also be considered. This is particularly important if the same sensors
are used for different subjects and socket types. Individual patient characteristics can
significantly influence the pressure readings. For example, patient weight in combination
with the size of the sensing area are obvious factors that will influence the magnitude of
pressure [65]. It is therefore not only important to document the patient characteristics but
also to consider their effect on the resulting intra-socket pressure distributions.
Current technological challenges and practical issues—such as sensor thickness, sensor
accuracy for measurement in curved surfaces, and tethered measuring systems, as well
as the highly personalized nature of prosthetic sockets—makes it unfeasible to measure
dynamic pressures across the entire stump–socket interface simultaneously [77]. Although
it is possible to record section-wise pressure measurements until the whole residual limb
has been mapped, it is time-consuming, impractical, and leads to other variabilities that
could influence the pressure mapping results, and hence also socket comfort or fitting
interpretations [65]. The reviewed literature has presented various alternative solutions
to address these limitations, such as methodically placing individual sensors at specified
sites in the prosthetic socket. This systematic sensor placement must be based on each
individual’s anatomy to ensure pressure comparisons are made in the same anatomical
region for different patients. This is important as it is evident that the maximum recorded
pressure values vary greatly depending on the anatomical region [64]. This approach
was proven beneficial for pressure distribution comparisons across different socket types
and subjects in a number of studies [64,66,67,71]. There are strong implications from the
synthesized evidence of our work that more valuable pressure information is obtained
when sensors are positioned at specified known problematic regions; for example, the
medial brim or the distal end [64,66,67,71].
To fulfill the need for repeatable sensor placement, a number of pre-defined sensor
locations could be assigned. This assignment could be standardized based on anatomical
segmentation; for example, by dividing the residuum into quadrants—anterior, posterior,
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medial, and lateral—and further discretizing them into proximal and distal regions. Ad-
ditional sensors could then be given the flexibility of being positioned at subject-specific
problematic sites, such as at the brim, or in sensitive areas prone to tissue breakdown. This
standardized approach enables both intra-subject and inter-subject relative pressure com-
parisons, reducing the importance of absolute pressure values. To elaborate, measurements
at low-pressure regions could provide insights regarding the implications of comparatively
high-pressure regions for the individual patient—with regards to comfort or risk of tissue
damage, for example. Meanwhile, the relative pressure difference in these separate regions
can be compared between subjects to eliminate the need to account for subjects’ weights.
The method of sensor integration in the socket should also be considered to avoid
co-intervention. It should be ensured that the subject feels the socket fits as it would
without the sensing system in place. This highlights the importance of giving the subject
time to adjust to the socket prior to tests, and noting if the socket fit is unusual. An unusual
fit could cause the subject to walk with an atypical gait, which could result in abnormal
pressure measurements and distributions.
One reason it is difficult to compare across different studies is the almost unlimited pos-
sibilities for presenting data. The time-dependent (i.e., days, weeks, months) variability of
pressure in the socket strongly suggests average measurements to be an optimal method for
presenting the data. As the pressure magnitudes vary greatly depending on the anatomical
region, presenting the pressure information separately for each anatomical compartment is
also recommended. Segmenting and averaging measurements with respect to the gait cycle
to identify cyclic pressure patterns—and reporting the standard deviations—is at least
arguably more informative than simply citing the maximum measured pressure values.
Overall, with regards to sensor implementation, a de facto methodology that was
evaluated from the literature can be summarized into four major categories: (1) sensor se-
lection, (2) sensor placement, (3) sensor integration, and (4) data presentation, as illustrated
in Figure 2. Although this methodology was primarily initiated considering transfemoral
prosthetic socket users, and while these categories individually play a crucial role, many
attributes from each category can be directly transferred for use by patients with transtibial
amputations. However, some items must be specialized depending on whether the patient
has a transtibial or transfemoral amputation. Firstly, the suitability of sensors is based on
the ability to integrate the hardware into the socket. This includes the method of hardware
integration with the socket as well as sensor dimensions to ensure the sensors neither
interfere with the rest of the prosthetic system nor cause contraindications for the patient
with regards to socket comfort and fit. Secondly, ensuring the technical suitability of the
sensors is also recommended. For example, the measurable pressure range should cover
the expected pressure ranges in the socket during activities of daily living. Furthermore,
the establishment of a sensor calibration procedure for repeatable measurements should
allow for comparable measurements between patients. It is likely that sensor calibration
procedures and sensitivity and repeatability requirements will be the same for measure-
ments in both transtibial and transfemoral sockets. Conversely, the sensor dimensions
required may differ depending on amputation level as transtibial sockets tend to be much
smaller with smaller radii of curvature, for instance.
A method for the repeatable placement of sensors is particularly advantageous for
inter-subject comparisons, but is also helpful for testing different sockets for the same
subject [78]. This procedure is likely to be directly transferable between transtibial and
transfemoral socket types. However, different socket types are designed to influence gait
stability and interactive motions within the soft tissue, between the soft tissue and the
socket [15,18,20], and femoral movement within the residual limb [79]. Furthermore, the
specified anatomical locations of interest will differ between amputation levels. In transtib-
ial sockets, for example, the tibial crest and tibial tubercle often require pressure relief [20],
and thus it would be meaningful to measure pressure at these locations. However, in
transfemoral sockets, sensors located at the ischium would be valuable as this can be the
most problematic region for transfemoral amputees [18]. Individual patient residual limb
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characteristics, such as stump shape, tissue stiffness, the underlying muscle strength, and
scar tissue, also significantly influence interfacial pressure patterns [67,69,73]. This further
highlights the need to target sensor placement not only based on the amputation level but











































































Figure 2. Suggested de facto methodology.
Strategic sensor selection (as previously described) should facilitate smooth hardware
integration with the prosthetic socket. However, cointerventions can be minimized further
by providing the patient with an adjustment period and by requesting feedback should
their socket feel unusual.
Presenting relevant data in a coherent manner is essential in order to provide valuable
information to the scientific community. The literature revealed the advantages of segment-
ing pressure into gait cycles and citing the average values. Given the contrasting pressure
ranges and patterns depending on the anatomical location, the benefits of displaying the
findings with respect to the patient’s anatomy was also highlighted from the reviewed
literature. Furthermore, it is highly recommended that future studies record subjective
feedback from the patients themselves.
The suggested de facto methodology is based on the studied literature, but as should
be apparent, no single study makes use of all of its parts. This paper can thus highlight
attributes that can be transferred from and for use by patients with transtibial amputa-
tions and others which require specialization for patients with transfemoral amputations.
However, we must conclude that directly comparing pressure measurements between the
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included studies, or to measurements taken in studies including patients with transtibial
amputations, cannot (yet) be justified. The characteristics of patients are seldom described
well enough to ensure valid comparisons, and when these data are available, there is
substantial variation in regard to important characteristics such as weight. In fact, none of
the included studies broached the subject of known gait deviations due to the improper
construction of transtibial and transfemoral prostheses. The impact of these on pressure
readings can vary substantially, as they can lead to an exaggerated transfer of load to a
patient’s healthy side and involve effects such as foot slaps [80]. Sensor characteristics such
as measurement and error range would most likely be most important when identifying
such gait deviations with precision. However, the total error range of pressure sensors is,
for example, seldom discussed, and when discussed, this is only in comparison to other
sensor technologies. This does not help to define how large the total sensor error can
be and remain acceptable, neither in the generic case nor for any specific patient type or
gait deviation.
Hopefully, with more studies adhering to all parts of the suggested methodology, the
acceptable and suitable ranges for measurements and errors can be identified.
4.2. Implications for the Design of Sensors
The implications of this survey for how sensors should be designed for application in
prosthetic sockets of transfemoral amputees for monitoring to evaluate comfort and fit is
strongly tied to what the discourse does not contain; almost all surveyed papers avoided
defining hypotheses in lieu of large-scale data collection for inductive analysis.
Inductive analysis can be a powerful tool, and it would be speculative to attribute its
widespread use among the papers to any particular motivation of the authors. Rowbottom
and Alexander [81] found that exploratory data gathering is actually more widespread in
biomechanical research than a quick reading would imply. In other words, presentational
hypotheses—i.e., hypotheses that do not influence the actual study—seem to be a frequent
problem in the field. As this practice can be misleading regarding the significance of results,
there is most likely a need for researchers within the field to start accepting such studies
on their own merits (to avoid tempting researchers to present their studies as something
they are not). However, exploratory data gathering seems to be especially difficult to use
for designing sensors for monitoring to evaluate comfort and fit. Feelings of comfort or
discomfort attributed to a well-fitting or ill-formed prosthesis can be influenced by many
characteristics of the amputee, prosthesis, and surrounding environment. Generalizing
across large amounts of data is easily confounded by such factors, as they for instance mean
that comfort is not directly correlated to tightness or looseness [73] and that discomfort
can be “disguised” by an abnormal gait [72]. Similarly, this means that the data are not
necessarily suitable for analysis, as these characteristics can skew data sets. For example,
both highly contoured sites on the residual limb [34] and the way the environment in
a prosthetic exposes sensors to wear [34,69] can confound measurements. To properly
validate a sensor system, several different types of scenarios might have to be considered—a
potentially costly requirement. As an example, a recently developed sensor system was
validated in three scenarios: (1) a flat bench-top test, (2) in a prosthetic socket at a low
curvature site, and (3) in a socket at a higher curvature site [78]. In fact, the same sensors
were also tested under dynamic cyclic loading to simulate realistic use conditions.
It is understandable if the sheer complexity provokes researchers working on sensor
technology to focus more on technology and less on contextual factors (see e.g., [69]).
However, this limited perspective is likely an obstacle to innovation in sensor design in
this context. Contemporary studies by researchers that actually use pressure sensors to
investigate monitoring to evaluate comfort and fit have more specific needs. These include,
for instance, attempts to identify whether amputees tense their muscles to avoid high
pressure [64]; the size of areas of local, high pressure [65]; prosthetic migration and socket
movement [71]; and whether the prosthesis stabilizes the residual limb [73]. Large-scale
data measurements of pressure at several locations could by pure chance help to solve these
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needs, but it is highly unlikely. To help address this issue, we propose guidance in three
steps for researchers targeting this application domain.
1. Define and operationalize hypothetical constructs: Fit and comfort are hypothetical
constructs—i.e., qualitative variables—which are not directly observable. Unfortu-
nately, with no agreed way of operationalizing these constructs for transfemoral
amputees, the implications of any pressure measurements are unclear. Therefore,
sensor designers should ensure that their pressure measurements can be related
to a suitably limited part of fit and comfort—ideally, with the support of experts
possessing relevant knowledge on the constructs.
2. Ensure necessary coverage of the operationalized construct: This suggests that it
would be fruitful to develop pressure sensors in close combination with other types
of sensors. Otherwise, it might be difficult to ensure that the operationalization can
be properly measured. As an example, several of the surveyed papers noted an
interest in measuring shear [39,72,74]. Presumably, a well-integrated combination of
pressure and shear sensors is required to answer several of the aforementioned needs,
such as identifying the existence, explanation, and effect of prosthetic migration on
fit. The integration of other types of sensors with pressure sensors can provide a
deeper understanding of the interaction between the residual limb and the prosthetic
socket. For example, electromyography (EMG) [82] and temperature sensors [83] can
provide insights to the relationship between muscle activities and intra-socket climate,
respectively, with interface pressure. The integration of gait monitoring devices is
undoubtedly useful to evaluate these sensor measurements as a function of the gait
cycle, or with respect to level of activity [4,9,32,78,82]. This might seem trivial to
accomplish, but there are several reasons why researchers are currently avoiding this
approach. To name a few, it requires knowledge of several types of sensor technology,
it multiplies the difficulty of all problems related to handling large amounts of data,
and it makes issues related to advanced prototyping even more likely to surface.
3. Make use of relevant expertise when evaluating measurements: Finally, as achieving
correct operationalization and measurement coverage are difficult, results must (also)
be evaluated together with experts possessing relevant knowledge on the constructs.
This is especially important as results might otherwise only be considered in relation
to the most obvious use cases; i.e., level ground walking. As an example, not much
effort has been devoted to studying the implications of sensor measurements for the
wearing of prostheses, even though the pressures measured during this use case can
be as high as during normal walking [67]. Naturally, professionals working with
prostheses can be uninterested in adopting pressure sensors, or risk misunderstanding
their implications, if pressure readings are only fully understood for a small part of
normal prosthesis usage.
If researchers who wish to have an impact on the medical application domain adopt
these three steps during conceptual design and pressure sensor evaluation, the chance of
breakthroughs in prosthetic design should increase substantially.
4.3. Implications for Research
It is clear that experts from several different domains need to cooperate in a consis-
tent way to carry out the identified de facto methodology, especially when the aim is to
achieve breakthroughs in sensor design. Two examples of when cooperation is required
are as follows: (a) even if engineers are the foremost experts on identifying appropriate
sensor capabilities and calibration, this activity will rely on prosthetists’ knowledge re-
garding prostheses and medical experts’ knowledge of patients; and (b) even if medical
experts can identify problematic regions on stumps, recording pressure there requires
engineers to develop portable, and yet powerful, data recording systems. As an example,
Karamousadakis et al., [84] developed a fuzzy logic-based decision support system for
socket design modifications for improved fit. The fuzzy rules are based on the expert
knowledge of prosthetist(s), and the patient-specific socket modification suggestions are
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governed by their own intra-socket pressure information. Furthermore, as noted, over-
coming complexity and focusing on the most important questions will require all of these
experts to share their domain knowledge with each other.
This study has two important implications in this regard. Firstly, the de facto method-
ology can form a base for comparing studies. However, it can also be help to make studies
valuable to a wider group of experts. Dividing pressure data between anatomical regions
might not be important for the purpose of an engineer designing a novel sensor, but it
might be critical for a prosthetist to make further use of the study. Secondly, purely induc-
tive, data-driven research might not be optimal for achieving breakthroughs in this area.
Ideally, this should be solved by more hypothesis-driven research in each study through
close cooperation between different domain experts. However, when this is not possible,
researchers should consider creating fine-grained open research data to possibly support
the hypotheses testing of other, future studies.
5. Conclusions
This paper has presented the results from a scoping review of the existing research on pres-
sure measurements in prosthetic sockets worn by transfemoral amputees during ambulation.
The high-quality literature focusing on this topic has been produced over several
decades and by many different research groups. Nevertheless, a de facto, best-practice
methodology for experimental studies on this topic can be identified.
The survey identified that the most in-depth results were found by investigations that
chose to define hypotheses rather than conduct large-scale data collection for inductive
analysis. Many factors come together that make it unlikely that important discoveries
will be found contingently though traditional data-processing. This suggests that sensors
for application in prosthetic sockets of transfemoral amputees to monitor and evaluate
comfort and fit need to be designed to fulfill well-defined goals. To support research on
this topic, sensor developers should thus consider designing combinations of sensors and
seek out clinical experts in the field to enable valid research on both common and critical,
rare-use cases.
Furthermore, both the de facto methodology and ways to improve sensor design
identified by this study suggest that experts from different domains should work in closer
collaboration. To further excel in the field, researchers should try to report fine-grained
open research data in relation to the de facto methodology, possibly even to support other
studies by considering corner cases that are not of primary interest to themselves.
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The following abbreviations are used in this manuscript:
PEQ Patient evaluation questionnaire
PRISMA Preferred Reporting Items for Systematic and Meta-Analyses
FEA Finite element analysis
QAT Quality assessment table
Appendix A. Papers Excluded after Quality Assessment
Table A1. Papers excluded after QAT.
Author, Year Main Reason for Exclusion Unfulfilled Criteria Grade
Appoldt et al., 1970 [85] Not well-defined definition of the investigation X0, A2, B6, C13 C
Hong et al., 2005 [82] Insufficient description of study population A1, A2 C
Tanaka et al., 1997 [86] Insufficient description of study population X0, A1, A2, B6, B8, C13 C/D
Colombo et al., 2016 [87] Insufficient description of study population X0, A1, A2, B6, B8, C10, C12, C13 D
Moineau et al., 2015 [88] Insufficient description of study population A1, B8 C/D
References
1. Berke, G.M.; Buell, N.C.; Fergason, J.R.; Gailey, R.S.; Hafner, B.J.; Hubbard, S.M.; Smith, D.G.; Willingham, L.L. Introduction.
Transfemoral Amputation: The Basics and Beyond; 2008. p. 1. Available online: http://www.oandplibrary.org/assets/pdf/
Transfemoral_Amputation_the_Basics_and_Beyond.pdf (accessed on 7 May 2021).
2. Roffman, C.E.; Buchanan, J.; Allison, G.T. Predictors of non-use of prostheses by people with lower limb amputation after
discharge from rehabilitation: Development and validation of clinical prediction rules. J. Physiother. 2014, 60, 224–231. [CrossRef]
[PubMed]
3. MacCallum, K.P.; Yau, P.; Phair, J.; Lipsitz, E.C.; Scher, L.A.; Garg, K. Ambulatory Status following Major Lower Extremity
Amputation. Ann. Vasc. Surg. 2020, 71, 331–337. [CrossRef] [PubMed]
4. Kwak, J.W.; Han, M.; Xie, Z.; Chung, H.U.; Lee, J.Y.; Avila, R.; Yohay, J.; Chen, X.; Liang, C.; Patel, M.; et al. Wireless sensors for
continuous, multimodal measurements at the skin interface with lower limb prostheses. Sci. Transl. Med. 2020, 12, 574. [CrossRef]
[PubMed]
5. Turner, S.; McGregor, A.H. Perceived effect of socket fit on major lower limb prosthetic rehabilitation: A clinician and amputee
perspective. Arch. Rehabil. Res. Clin. Transl. 2020, 2, 100059. [CrossRef]
6. Gailey, R.; Allen, K.; Castles, J.; Kucharik, J.; Roeder, M. Review of secondary physical conditions associated with lower-limb
amputation and long-term prosthesis use. J. Rehabil. Res. Dev. 2008, 45, 1. [CrossRef] [PubMed]
7. Seo, J.H.; Lee, H.J.; Seo, D.W.; Lee, D.K.; Kwon, O.W.; Kwak, M.K.; Lee, K.H. A Prosthetic Socket with Active Volume
Compensation for Amputated Lower Limb. Sensors 2021, 21, 407. [CrossRef] [PubMed]
8. Bekrater-Bodmann, R. Factors associated with prosthesis embodiment and its importance for prosthetic satisfaction in lower limb
amputees. Front. Neurorobotics 2020, 14, 604376. [CrossRef] [PubMed]
9. Safari, R. Lower limb prosthetic interfaces: Clinical and technological advancement and potential future direction. Prosthet.
Orthot. Int. 2020, 44, 384–401. [CrossRef]
10. Ibarra Aguila, S.; Sánchez, G.J.; Sauvain, E.E.; Alemon, B.; Fuentes-Aguilar, R.Q.; Huegel, J.C. Interface Pressure System to
Compare the Functional Performance of Prosthetic Sockets during the Gait in People with Trans-Tibial Amputation. Sensors 2020,
20, 7043. [CrossRef] [PubMed]
11. Larsen, B.G.; Allyn, K.J.; Ciol, M.A.; Sanders, J.E. Performance of a sensor to monitor socket fit: Comparison with practitioner
clinical assessment. JPO J. Prosthet. Orthot. 2021, 33, 3–10. [CrossRef]
12. Baars, E.C.; Schrier, E.; Dijkstra, P.U.; Geertzen, J.H. Prosthesis satisfaction in lower limb amputees: A systematic review of
associated factors and questionnaires. Medicine 2018, 97, e12296. [CrossRef] [PubMed]
13. Cole, M.; Cumming, J.; Golland, N.; Hayes, S.; Ostler, C.; Scopes, J.; Tisdale, L. Bacpar toolbox of outcome measures. Br. Assoc.
Chart. Physiother. Amputee Rehabil. Version 2014, 2. Available online: https://bacpar.csp.org.uk/system/files/toolbox_version_2.
pdf (accessed on 18 July 2021).
14. Sanders, J.E.; Fatone, S. Residual limb volume change: Systematic review of measurement and management. J. Rehabil. Res. Dev.
2011, 48, 949. [CrossRef] [PubMed]
15. Paternò, L.; Ibrahimi, M.; Gruppioni, E.; Menciassi, A.; Ricotti, L. Sockets for limb prostheses: A review of existing technologies
and open challenges. IEEE Trans. Biomed. Eng. 2018, 65, 1996–2010. [CrossRef]
16. Davenport, P.; Noroozi, S.; Sewell, P.; Zahedi, S. Systematic review of studies examining transtibial prosthetic socket pressures
with changes in device alignment. J. Med. Biol. Eng. 2017, 37, 1–17. [CrossRef]
Sensors 2021, 21, 5016 19 of 21
17. Stevens, P.M.; DePalma, R.R.; Wurdeman, S.R. Transtibial socket design, interface, and suspension: A clinical practice guideline.
JPO J. Prosthet. Orthot. 2019, 31, 172–178. [CrossRef]
18. Mueller, M.D. Transfemoral Amputation: Prosthetic Management. In Atlas of Amputations and Limb Deficiencies, 4th ed.; American
Academy of Orthopaedic Surgeons: Rosemont, IL, USA, 2016; pp. 537–554.
19. Safari, R.; Meier, M.R. Systematic review of effects of current transtibial prosthetic socket designs—Part 2: Quantitative outcomes.
J. Rehabil. Res. Dev. 2015, 52, 509–526. [CrossRef] [PubMed]
20. Kapp, S.; Cummings, D.; Bowker, J.H. Transtibial Amputation: Prosthetic Management. In Atlas of Limb Prosthetics Surgical,
Prosthetic, and Rehabilitation Principles; Mosby Year Book: Maryland Heights, MO, USA, 1992.
21. Paternò, L.; Ibrahimi, M.; Rosini, E.; Menfi, G.; Monaco, V.; Gruppioni, E.; Ricotti, L.; Menciassi, A. Residual limb volume
fluctuations in transfemoral amputees. Sci. Rep. 2021, 11, 1–11. [CrossRef]
22. Larsen, B.G.; McLean, J.B.; Brzostowski, J.T.; Carter, R.; Allyn, K.J.; Hafner, B.J.; Garbini, J.L.; Sanders, J.E. Does actively enlarging
socket volume during resting facilitate residual limb fluid volume recovery in trans-tibial prosthesis users? Clin. Biomech. 2020,
78, 105001. [CrossRef]
23. Sanders, J.; Jacobsen, A.; Fergason, J. Effects of fluid insert volume changes on socket pressures and shear stresses: Case studies
from two trans-tibial amputee subjects. Prosthet. Orthot. Int. 2006, 30, 257–269. [CrossRef] [PubMed]
24. Congdon, W. Standard of Care: Lower Extremity Amputation; Department of Rehabilitation Services, The Brigham and Women’s
Hospital, Inc.: Boston, MA, USA, 2011.
25. Greenwald, R.M.; Dean, R.C.; Board, W.J. Volume management: Smart Variable Geometry Socket (SVGS) technology for
lower-limb prostheses. JPO J. Prosthet. Orthot. 2003, 15, 107–112. [CrossRef]
26. Sanders, J.E.; Cassisi, D.W. Mechanical performance of inflatable inserts used in limb prosthetics. J. Rehabil. Res. Dev. 2001,
38, 365.
27. Kenia, J.; Wolf, B.; Marschalek, J.; Dillingham, T. An immediate fit, adjustable, modular prosthetic system for addressing
world-wide limb loss disability. Arch. Rehabil. Res. Clin. Transl. 2021, 3, 100120.
28. Dillingham, T.; Kenia, J.; Shofer, F.; Marschalek, J. A prospective assessment of an adjustable, immediate fit, transtibial prosthesis.
PM&R 2019, 11, 1210–1217.
29. Henao, S.C.; Orozco, C.; Ramírez, J. Influence of gait cycle loads on stress distribution at the residual limb/socket interface of
transfemoral amputees: A finite element analysis. Sci. Rep. 2020, 10, 1–11. [CrossRef]
30. Hafner, B.J.; Sanders, J.E. Considerations for development of sensing and monitoring tools to facilitate treatment and care of
persons with lower limb loss. J. Rehabil. Res. Dev. 2014, 51, 1. [CrossRef]
31. Tran, L.; Caldwell, R.; Quigley, M.; Fatone, S. Stakeholder perspectives for possible residual limb monitoring system for persons
with lower-limb amputation. Disabil. Rehabil. 2020, 42, 63–70. [CrossRef]
32. Gupta, S.; Loh, K.J.; Pedtke, A. Sensing and actuation technologies for smart socket prostheses. Biomed. Eng. Lett. 2020,
10, 103–118. [CrossRef]
33. Schofield, J.S.; Schoepp, K.R.; Williams, H.E.; Carey, J.P.; Marasco, P.D.; Hebert, J.S. Characterization of interfacial socket pressure
in transhumeral prostheses: A case series. PLoS ONE 2017, 12, e0178517. [CrossRef]
34. Polliack, A.; Sieh, R.; Craig, D.; Landsberger, S.; McNeil, D.; Ayyappa, E. Scientific validation of two commercial pressure sensor
systems for prosthetic socket fit. Prosthet. Orthot. Int. 2000, 24, 63–73. [CrossRef]
35. Laszczak, P.; Jiang, L.; Bader, D.L.; Moser, D.; Zahedi, S. Development and validation of a 3D-printed interfacial stress sensor for
prosthetic applications. Med. Eng. Phys. 2015, 37, 132–137. [CrossRef]
36. Silver-Thorn, B.; Steege, J.W.; Childress, D.S. A review of prosthetic interface stress investigations. J. Rehabil. Res. Dev. 1996, 33,
253–266.
37. Sewell, P.; Noroozi, S.; Vinney, J.; Andrews, S. Developments in the trans-tibial prosthetic socket fitting process: A review of past
and present research. Prosthet. Orthot. Int. 2000, 24, 97–107. [CrossRef]
38. Al-Fakih, E.A.; Abu Osman, N.A.; Mahmad Adikan, F.R. Techniques for interface stress measurements within prosthetic sockets
of transtibial amputees: A review of the past 50 years of research. Sensors 2016, 16, 1119. [CrossRef]
39. Laszczak, P.; Mcgrath, M.; Tang, J.; Gao, J.; Jiang, L.; Bader, D.; Moser, D.; Zahedi, S. A pressure and shear sensor system for stress
measurement at lower limb residuum/socket interface. Med. Eng. Phys. 2016, 38, 695–700. [CrossRef]
40. Carcreff, L.; Gerber, C.N.; Paraschiv-Ionescu, A.; De Coulon, G.; Newman, C.J.; Aminian, K.; Armand, S. Comparison of gait
characteristics between clinical and daily life settings in children with cerebral palsy. Sci. Rep. 2020, 10, 1–11. [CrossRef]
41. Nascimento, L.M.S.d.; Bonfati, L.V.; Freitas, M.L.B.; Mendes Junior, J.J.A.; Siqueira, H.V.; Stevan, S.L. Sensors and Systems for
Physical Rehabilitation and Health Monitoring—A Review. Sensors 2020, 20, 4063. [CrossRef]
42. Banerjee, A.; Chakraborty, C.; Kumar, A.; Biswas, D. Emerging trends in IoT and big data analytics for biomedical and health
care technologies. In Handbook of Data Science Approaches for Biomedical Engineering; Elsevier: Amsterdam, The Netherlands, 2020;
pp. 121–152.
43. Rodrigues, J.J.; Segundo, D.B.D.R.; Junqueira, H.A.; Sabino, M.H.; Prince, R.M.; Al-Muhtadi, J.; De Albuquerque, V.H.C. Enabling
technologies for the internet of health things. IEEE Access 2018, 6, 13129–13141. [CrossRef]
44. Li, C.; Un, K.F.; Mak, P.i.; Chen, Y.; Muñoz-Ferreras, J.M.; Yang, Z.; Gómez-García, R. Overview of recent development on wireless
sensing circuits and systems for healthcare and biomedical applications. IEEE J. Emerg. Sel. Top. Circuits Syst. 2018, 8, 165–177.
[CrossRef]
Sensors 2021, 21, 5016 20 of 21
45. Wang, Y.; Zhu, W.; Deng, Y.; Fu, B.; Zhu, P.; Yu, Y.; Li, J.; Guo, J. Self-powered wearable pressure sensing system for continuous
healthcare monitoring enabled by flexible thin-film thermoelectric generator. Nano Energy 2020, 73, 104773. [CrossRef]
46. Koutras, D.; Stergiopoulos, G.; Dasaklis, T.; Kotzanikolaou, P.; Glynos, D.; Douligeris, C. Security in IoMT Communications:
A Survey. Sensors 2020, 20, 4828. [CrossRef]
47. Simsek, M.; Kantarci, B. Artificial intelligence-empowered mobilization of assessments in covid-19-like pandemics: A case study
for early flattening of the curve. Int. J. Environ. Res. Public Health 2020, 17, 3437. [CrossRef]
48. Barrios-Muriel, J.; Romero-Sánchez, F.; Alonso-Sánchez, F.J.; Rodríguez Salgado, D. Advances in Orthotic and Prosthetic
Manufacturing: A Technology Review. Materials 2020, 13, 295. [CrossRef]
49. Oleiwi, J.K.; Hadi, A.N. Properties of Materials and Models of Prosthetic Feet: A Review. IOP Conf. Ser. Mater. Sci. Eng. 2021,
1094, 012151. [CrossRef]
50. Tabor, J.; Agcayazi, T.; Fleming, A.; Thompson, B.; Kapoor, A.; Liu, M.; Lee, M.Y.; Huang, H.; Bozkurt, A.; Ghosh, T.K. Textile-Based
Pressure Sensors for Monitoring Prosthetic-Socket Interfaces. IEEE Sens. J. 2021, 21, 9413–9422. [CrossRef]
51. Zhang, M.; Turner-Smith, A.; Tanner, A.; Roberts, V. Clinical investigation of the pressure and shear stress on the trans-tibial
stump with a prosthesis. Med. Eng. Phys. 1998, 20, 188–198. [CrossRef]
52. Ali, S.; Osman, N.A.A.; Eshraghi, A.; Gholizadeh, H.; Razak, N.A.B.A.R.; Abas, W.A.B.B.W. Interface pressure in transtibial socket
during ascent and descent on stairs and its effect on patient satisfaction. Clin. Biomech. 2013, 28, 994–999. [CrossRef] [PubMed]
53. Eshraghi, A.; Osman, N.A.A.; Gholizadeh, H.; Ali, S.; Abas, W.A.B.W. Interface stress in socket/residual limb with transtibial
prosthetic suspension systems during locomotion on slopes and stairs. Am. J. Phys. Med. Rehabil. 2015, 94, 1–10. [CrossRef]
54. Sanders, J. Interface mechanics in external prosthetics: Review of interface stress measurement techniques. Med. Biol. Eng.
Comput. 1995, 33, 509–516. [CrossRef]
55. Wolf, S.I.; Alimusaj, M.; Fradet, L.; Siegel, J.; Braatz, F. Pressure characteristics at the stump/socket interface in transtibial
amputees using an adaptive prosthetic foot. Clin. Biomech. 2009, 24, 860–865. [CrossRef] [PubMed]
56. Dou, P.; Jia, X.; Suo, S.; Wang, R.; Zhang, M. Pressure distribution at the stump/socket interface in transtibial amputees during
walking on stairs, slope and non-flat road. Clin. Biomech. 2006, 21, 1067–1073. [CrossRef] [PubMed]
57. Mak, A.F.; Zhang, M.; Boone, D.A. State-of-the-art research in lower-limb prosthetic biomechanics. J. Rehabil. Res. Dev. 2001,
38, 161–174.
58. Munn, Z.; Peters, M.D.; Stern, C.; Tufanaru, C.; McArthur, A.; Aromataris, E. Systematic review or scoping review? Guidance for
authors when choosing between a systematic or scoping review approach. BMC Med. Res. Methodol. 2018, 18, 143. [CrossRef]
59. Tricco, A.C.; Lillie, E.; Zarin, W.; O’Brien, K.K.; Colquhoun, H.; Levac, D.; Moher, D.; Peters, M.D.; Horsley, T.; Weeks, L.; et al.
PRISMA extension for scoping reviews (PRISMA-ScR): Checklist and explanation. Ann. Intern. Med. 2018, 169, 467–473.
[CrossRef]
60. Arksey, H.; O’Malley, L. Scoping studies: Towards a methodological framework. Int. J. Soc. Res. Methodol. 2005, 8, 19–32.
[CrossRef]
61. Ikeda, A.J.; Grabowski, A.M.; Lindsley, A.; Sadeghi-Demneh, E.; Reisinger, K.D. A scoping literature review of the provision of
orthoses and prostheses in resource-limited environments 2000–2010. Part one: Considerations for success. Prosthet. Orthot. Int.
2014, 38, 269–286. [CrossRef]
62. Ikeda, A.J.; Grabowski, A.M.; Lindsley, A.; Sadeghi-Demneh, E.; Reisinger, K.D. A scoping literature review of the provision of
orthoses and prostheses in resource-limited environments 2000–2010. Part two: Research and outcomes. Prosthet. Orthot. Int.
2014, 38, 343–362. [CrossRef]
63. Hofstad, C.J.; van der Linde, H.; van Limbeek, J.; Postema, K. Prescription of prosthetic ankle-foot mechanisms after lower limb
amputation. Cochrane Database Syst. Rev. 2004. [CrossRef] [PubMed]
64. Lee, V.; Solomonidis, S.; Spence, W. Stump-socket interface pressure as an aid to socket design in prostheses for trans-femoral
amputees—A preliminary study. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 1997, 211, 167–180. [CrossRef]
65. Neumann, E.S.; Wong, J.S.; Drollinger, R.L. Concepts of pressure in an ischial containment socket: Measurement. JPO J. Prosthet.
Orthot. 2005, 17, 2–11. [CrossRef]
66. Appoldt, F.A.; Bennett, L. A preliminary report on dynamic socket pressures. Bull. Prosthet. Res. 1967, 10, 20–55.
67. Appoldt, F.; Bennett, L.; Contini, R. Stump-socket pressure in lower extremity prostheses. J. Biomech. 1968, 1, 247–257. [CrossRef]
68. El-Sayed, A.M.; Hamzaid, N.A.; Abu Osman, N.A. Piezoelectric bimorphs’ characteristics as in-socket sensors for transfemoral
amputees. Sensors 2014, 14, 23724–23741. [CrossRef]
69. Ferreira, A.; Correia, V.; Mendes, E.; Lopes, C.; Vaz, J.F.V.; Lanceros-Mendez, S. Piezoresistive polymer-based materials for
real-time assessment of the stump/socket interface pressure in lower limb amputees. IEEE Sens. J. 2017, 17, 2182–2190. [CrossRef]
70. Hong, J.H. Effect of hip moment on socket interface pressure during stance phase gait of transfemoral amputee. Gait Posture
2006, 24, S259–S261. [CrossRef]
71. Kahle, J.T.; Highsmith, M.J. Transfemoral sockets with vacuum-assisted suspension comparison of hip kinematics, socket position,
contact pressure, and preference: Ischial containment versus brimless. J. Rehabil. Res. Dev. 2013, 50, 1241–1252. [CrossRef]
72. Leavitt, L.A.; Zuniga, E.N.; Calvert, J.C.; Canzoneri, J.; Peterson, C.R. Gait analysis and tissue-socket interface pressures in
above-knee amputees. South. Med. J. 1972, 64, 1197–1207. [CrossRef]
73. Naeff, M.; Van Pijkeren, T. Dynamic pressure measurements at the interface between residual limb and socket—The relationship
between pressure distribution, comfort, and brim shape. Bull. Prosthet. Res. 1980, 10, 35.
Sensors 2021, 21, 5016 21 of 21
74. Tang, J.; McGrath, M.; Hale, N.; Jiang, L.; Bader, D.; Laszczak, P.; Moser, D.; Zahedi, S. A combined kinematic and kinetic analysis
at the residuum/socket interface of a knee-disarticulation amputee. Med Eng. Phys. 2017, 49, 131–139. [CrossRef] [PubMed]
75. Saldaña, J. (Ed.) First Cycle Coding Methods. In The Coding Manual for Qualitative Researchers; SAGE Publications Ltd.: Thousand
Oaks, CA, USA, 2009; pp. 45–148.
76. Saldaña, J. (Ed.) Second Cycle Coding Methods. In The Coding Manual for Qualitative Researchers; SAGE Publications Ltd.:
Thousand Oaks, CA, USA, 2009; pp. 149–184.
77. Pirouzi, G.; Abu Osman, N.; Eshraghi, A.; Ali, S.; Gholizadeh, H.; Wan Abas, W. Review of the socket design and interface
pressure measurement for transtibial prosthesis. Sci. World J. 2014, 2014, 849073. [CrossRef] [PubMed]
78. Dejke, V.; Eng, M.P.; Brinkfeldt, K.; Charnley, J.; Lussey, D.; Lussey, C. Development of Prototype Low-Cost QTSS™ Wearable
Flexible More Enviro-Friendly Pressure, Shear, and Friction Sensors for Dynamic Prosthetic Fit Monitoring. Sensors 2021, 21, 3764.
[CrossRef] [PubMed]
79. Buis, A.; Kamyab, M.; Hillman, S.; Murray, K.; McGarry, A. A preliminary evaluation of a hydro-cast trans-femoral socket, a
proof of concept. Prosthet. Orthot. Open J. 2017, 1, 1–9.
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